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Abstract Schinus molle (Peruvian pepper tree) was introduced to South Africa more than 150 years ago and was
widely planted, mainly along roads. Only in the last two decades has the species become naturalized and invasive
in some parts of its new range, notably in semi-arid savannas. Research is being undertaken to predict its potential
for further invasion in South Africa. We studied production, dispersal and predation of seeds, seed banks, and
seedling establishment in relation to land uses at three sites, namely ungrazed savanna once used as a military
training ground; a savanna grazed by native game; and an ungrazed mine dump.We found that seed production and
seed rain density of S. molle varied greatly between study sites, but was high at all sites (384 864–1 233 690 seeds
per tree per year; 3877–9477 seeds per square metre per year).We found seeds dispersed to distances of up to 320 m
from female trees, and most seeds were deposited within 50 m of putative source trees. Annual seed rain density
below canopies of Acacia tortillis, the dominant native tree at all sites, was significantly lower in grazed savanna.The
quality of seed rain was much reduced by endophagous predators. Seed survival in the soil was low, with no survival
recorded beyond 1 year. Propagule pressure to drive the rate of recruitment: densities of seedlings and sapling
densities were higher in ungrazed savanna and the ungrazed mine dump than in grazed savanna, as reflected by
large numbers of young individuals, but adult : seedling ratios did not differ between savanna sites. Frequent and
abundant seed production, together with effective dispersal of viable S. molle seed by birds to suitable establishment
sites below trees of other species to overcome predation effects, facilitates invasion. Disturbance enhances invasion,
probably by reducing competition from native plants.
Key words: biological invasions, land use, seed dispersal, seed predation, seed production, tree invasion.
INTRODUCTION
Invasive species are a serious threat to biodiversity and
the functioning of many ecosystems (Vitousek et al.
1996). Considerable research effort is being devoted to
improving our understanding of the properties that
make some alien species more successful invaders than
others, the factors that promote invasibility of different
ecosystems, and how these aspects interact (Richard-
son & Pyšek 2006).The invasiveness of a plant species
at any locality is determined by a complex interplay of
many factors, including the traits of the species (Rich-
ardson & Rejmánek 2004; Pyšek & Richardson 2007),
propagule pressure (effectively the number of seeds
available over time; Foxcroft et al. 2004), residence
time, the extent of human dissemination, and the
locality of initial plantings relative to the most favour-
able sites for the species in the entire region (Thuiller
et al. 2006; Wilson et al. 2007). Disturbance is a
crucial driver of invasions in most situations (Huston
2004). Despite considerable progress towards gener-
alizations in plant invasion ecology (see Richardson &
Pyšek 2006 for a recent review), each invasion is influ-
enced by a different combination of factors.
Schinus molle (Anacardiaceae) was introduced to
South Africa in the 1800s and now occupies a very large
range as a planted tree, but is currently only invasive in
a small part of its planted range (Iponga et al. 2009).
The species is already classified as a major weed in
South Africa (Nel et al. 2004), but is predicted to be
able to occupy a much larger area (Rouget et al. 2004).
It is important to know what factors are crucial for its
further invasion in semi-arid savanna in South Africa.
Given that the invasive potential of a plant species
may be limited by failure to set viable seed, to
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disperse, germinate, establish as a seedling and main-
tain a persistence seed bank dynamics or to reach
reproductive maturity, it is instructive to discriminate
among these processes in understanding invasive
potential. Previous studies have shown that S. molle
establishes more successfully below tree canopies
than in open areas (Iponga et al. 2009). The extent to
which reduced seed viability through seed predation
in the species in South Africa (Iponga et al. 2008a)
influences rates of invasion by S. molle is unknown.
Information on seed rain, post-dispersal seed viabil-
ity, dispersal distances and seedling establishment
rates is needed to facilitate modelling of the potential
rate of spread, which in turn can be used in devel-
oping a comprehensive strategy for the management
of this invasive species.
This study explores the interactions among seed
production, dispersal, predation and land use in the
establishment of an alien tree species, to gain a better
understanding of factors that could drive future
invasions. Specific questions addressed were: (i)
Could seed production, or seed predation, be limiting
S. molle invasion in semi-arid savanna? (ii) How far
are viable S. molle seeds being dispersed and are they
moved to subcanopy sites beneath indigenous trees?
(iii) Does S. molle maintain a soil-stored seed bank?
(iv) Does land use influence S. molle seedling
establishment? (v) What is the implication of its seed




Field experiments were conducted at three sites near
Kimberley (28°47′24.6′′S, 24°46′58.3′′E, 1198 m
above sea level) in the Northern Cape province of
South Africa.The vegetation in the area is classified as
Kimberley Thornveld, a type of semi-arid savanna
(Mucina et al. 2006). The area has warm, relatively
moist summers, and cool, dry winters. Mean annual
precipitation is 431 mm (SD 127 mm), with most
rain falling in mid to late summer (January to March).
The mean maximum and minimum temperature
ranges between 37.4°C and 19.5°C in January, and
22°C and 12°C in July.
Study sites were selected in three land use types
according to different land use histories within the
Kimberley area: (i) ungrazed savanna; (i) grazed
savanna; and (iii) ungrazed mine dump. Because the
study was carried out on only one example of each
land use type, comparisons of land use effects on seed
production, dispersal and populations structure are
pseudo-replicated and differences among them cannot
necessarily be attributed to particular management
factors.
The ‘ungrazed savanna’ site comprises 200 ha of
savanna in a semi-natural state, which has been used as
a military base since 1967. Although it currently has a
low level of disturbance, the area, once known as Alex-
anderfontein, was used for livestock farming in the
1880s. Following the discovery of diamonds in 1899
the land was disturbed by clearing and diamond
digging until exploitation stopped 40 years later. Most
of the vegetation has recovered in the 68 years since
mining activities ceased. No grazing takes place, but
grass fires occur periodically, damaging understorey
shrubs (Milton et al. 2007).The most common native
tree is Acacia tortilis (Fabaceae: Mimosoideae), and
associated with it are native bird-dispersed plants,
including the tree Rhus lancea (Anacardiaceae) and
various sub-canopy shrubs, lianas and herbs (Milton
et al. 2007; Iponga et al. 2009). Seeds of alien fleshy-
fruited species planted in the military base have been
dispersed by birds to the surrounding savanna where
some, including Brachychiton populneus, Celtis sp.,
Melia azedarach, Morus alba, Punica granatum and S.
molle (Anacardiaceae), have established beneath A.
tortilis canopies (Milton et al. 2007; Iponga et al.
2009).
The ‘grazed savanna’ site is on the game farm Rooi-
fontein, which is approximately 3500 ha in area and
belongs to De Beers Mining Company.The dominant
native tree species is A. tortilis, and associated with it
are the fleshy-fruited indigenous species R. lancea and
Ziziphus mucronata, and the alien S. molle. The open
areas between the trees are dominated by grasses
(Schmidtia pappophoroides and Eragrostis lehmanniana)
and dwarf asteraceous shrubs such as Pentzia incana.
Indigenous antelope, zebra and ostrich are stocked at a
total density of 17.4 ha LSU-1 (Large Stock Unit,
equivalent to one 450 kg head of cattle), while the
recommended rate is 18.6 ha LSU-1.The area burned
during the study period and could be described as
moderately disturbed.
The ‘ungrazed mine dump’ is approximately 300 ha
in area and comprises a mountain of overburden and
tailings some 15 m high that were accumulated from
the start of diamond mining in 1885 until the mining
activities ceased in November 1990. There has been
no grazing, and no fires were recorded during the
study. Nevertheless, the area is highly disturbed, and
the vegetation on the dump is numerically dominated
by alien plants. Native Acacia tortilis and the alien
S. molle and Prosopis glandulosa hybrids (Fabaceae:
Mimosoideae) are the most common trees on the
dump. The dominant grass is the invasive alien peren-
nial Pennisetum setaceum from North Africa. Associ-
ated with Acacia and Prosopis are bird-dispersed
plants, including native R. lancea (Anacardiaceae) and
the alien Opuntia ficus-indica (Cactaceae).
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Study species
The genus Schinus L. is native to South America and
includes approximately 29 species (Barkley 1957).
Schinus species have been introduced to many parts of
the world as ornamental plants (Morton 1978), and S.
molle L. (the Peruvian pepper tree) was introduced to
South Africa in the mid-1800s. This long-lived and
drought-tolerant hardy evergreen tree is native to the
arid zone of South America. It is dioecious, and pro-
duces flowers and fruits throughout the year. Female
trees produce large crops of small bright pink berries
arranged in bunches on pendulous stems, and the
seeds are dispersed by birds, mammals and water
(Howard & Minnich 1989; Corkidi et al. 1991). Sap-
lings are hardy and survive wherever they are planted
in Mediterranean climate and subtropical regions
(Nilsen & Muller 1980; Howard & Minnich 1989;
Silva et al. 2005), and the species is invasive in Mexico
(Corkidi et al. 1991). Over the past 50 years the tree
has been grown for shade in gardens and at picnic sites
along national and provincial roads in South Africa.
Self-established young plants are most often found
below perch sites such as other trees and are thus
located very near dominant native trees. The outcome
of interactions between the invader and its ‘nurse
plant’ are thus crucial for determining whether the
invader can maintain its position and also for deter-
mining the impact of the invader (Milton et al. 2007).
For example, the fact that S. molle can out-compete
native trees that facilitate its establishment (Iponga
et al. 2008b) means that invasion by this species will




Seed production per tree was quantified at three dif-
ferent sites. Seed traps, comprising shallow perforated
trays covered with wire netting to exclude rodents
and birds, and nailed to the ground, were set up
beneath tree canopies to estimate the density per unit
area of seed arriving on that surface. At each site 10
individual female S. molle trees were randomly
selected and three traps with a total area of 0.14 m2
were placed under each tree from October 2005 until
November 2006. Seed traps were emptied monthly
and seed was cleaned and sorted, and the numbers of
seeds arriving in each trap were counted. Total seed
production per tree (SP) was estimated as seed fall
(SF) in the total trap area per tree, divided by the
total trap area (TA) and multiplied by the canopy
area (CA) of each tree:
SP SF TA CA= ( )∗
Using a dissecting microscope, we separated intact
seeds from insect-damaged and rotten seeds and
stored them in paper bags for germination tests. We
also collected S. molle seeds on the ground, below
non-parent trees (A. tortilis) and counted the number
of damaged and intact seeds. All seeds were sorted the
same way as those in the traps. The numbers of bird
droppings in the traps were also recorded monthly.
Seed dispersal
It was assumed that S. molle seed found in seed traps
under trees other than conspecifics had been dispersed
to such sites by birds or bats. To estimate dispersal
distances, 10 individual Acacia tortilis trees were ran-
domly selected at distances of 10–320 m from seed-
producing female S. molle trees at each of the three
sites.Three traps with a total area of 0.14 m2 were also
placed under each tree in October 2005. Traps were
also emptied monthly for 13 months. To examine the
effect of distance on dispersal of S. molle seeds, we
measured the distance between non-S. molle trees
where the traps were located and the nearest S. molle
fruiting tree in the woodland.
Seed predation
To estimate seed predation of S. molle, the number of
seeds eaten or damaged by insects in the traps were
counted and separated from intact seed using a dis-
secting microscope. Seeds with insect flight holes were
considered to be insect damaged, and soft black seeds
were considered to be rotten; both categories were
classified as damaged seeds.
Seedling establishment
A demographic survey was conducted in the three
study sites between April and May 2006, at the end of
the rainy season. The density of S. molle plants was
measured by counting the number mature (flowering
or fruiting) S. molle trees that we could find in the
study areas. Seedling (0.4 m) and sapling (0.4 m)
searches were performed to a maximum distance of
5 m from the selected mature S. molle tree. As S. molle
seedlings establish beneath canopies of other tree
species (Milton et al. 2007; Iponga et al. 2009), the
adult : seedling ratios presented here should be con-
sidered to underestimate the total recruitment poten-
tial of the species. In each study site we recorded: (i)
the number of mature (1 m) S. molle trees; (ii) the
number of seedling and sapling beneath conspecifics;
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(iii) canopy radius and basal stem diameter of each
plant individual; and (iv) the geographic coordinates.
Seed bank
Seed banks were sampled using soil cores of 48 mm in
diameter.The soil was sampled at two depths: 0–5 and
5–15 cm. Soil core samples were taken randomly from
below each of 20 female trees and combined, by depth
into a single bulk sample per tree with a surface area
equivalent of 0.1 m2 for each depth. The soil samples
(20 for each depth) were spread in 5 cm deep labelled
seedling trays in a nursery and watered for 14 months.
Seedlings that emerged from the seed bank were
counted, removed and transplanted into individual
pots to be grown for identification.
Buried seed decay rates
A total of 240 intact seeds was collected from each of
10 trees (2400 seeds), mixed and 20 placed in 120
bags 50 mm ¥ 50 mm with a mesh size of 0.3 mm. In
March 2006, 60 bags were buried at a depth of 50 mm
and 60 bags at 100 mm depth. Twelve bags were
buried under each of the 10 trees (2 groups of 6 bags);
each bag was attached with a piece of fishing line with
the other end tied to a metal stake so as to relocate the
bags. As sun angle might have influenced seed survival
in the soil, six bags were buried to the east and six to
the west of each tree. Two bags were harvested from
each tree (one bag from each depth group) every
second month; harvesting was random with respect to
direction from the tree trunk. A total of 20 bags was
harvested every second month. After harvesting the
bags, all seeds were removed and checked for damage
under the dissecting microscope.
Statistical analysis
Homogeneity of variance and normality were exam-
ined for all variables (mean number of bird droppings,
seed production per tree, seed arriving on the ground
per square metre and intact seed per square metre as
well as damaged seed per square metre) (Levene’s test,
P < 0.05). When homogeneity and normality of vari-
ance were not found, bootstrapping analysis was used
to test the non-normal data. The mean number of
seeds produced per tree canopy, the mean number of
seeds per square metre arriving on the ground, the
mean number of intact and damaged seeds per square
metre arriving on the ground, and the mean number of
bird droppings in the traps were compared between
sites for traps beneath S. molle female trees and A.
tortilis trees using one-way analysis of variance (anova,
P < 0.05), followed by bootstrapping analysis to
understand whether seed rain differed among sites.
Multiple comparison tests were then used (a Scheffé
post hoc test, P < 0.05) to compare the difference of
mean between sites (Statistica 6.1, StatSoft, Inc.
2003).
We combined monthly seed fall data to estimate
annual S. molle seed fall beneath S. molle and A. tortilis
for each of the three sites. The proportional contribu-
tion of seed predation was then compared for seeds
trapped beneath A. tortilis and S. molle for all the sites
using a contingency table and the chi-squared statistic.
We multiplied seed fall per unit area of tree canopy
area to estimate the total seed production per S. molle
tree and seed dispersal to subcanopy sites below A.
tortilis. Regression analyses were used to describe the
relation between seed density found beneath non-
S. molle trees (A. tortilis) (seed dispersal) and the
minimum distances between S. molle seed production
sources (female S. molle trees) and A. tortilis trees to
determine whether seed dispersed away from female
trees decreased or increased with distances in the
woodland.
To test the null hypothesis that all sites (grazed and
ungrazed savanna, and mine dump) had the same S.
molle density and population structure, we used chi-
squared goodness of fit test to test for differences
between the number of young and mature S. molle
trees in the three sites. We used linear regression
between S. molle stem basal area and the proportion of
the population within a given basal area size-class
to determine which sites showed greater S. molle
recruitment. The same regression was also done with
total canopy cover of trees, assuming that stem basal
area and total canopy cover increased with tree age.To
determine whether there was a difference in relation-
ship between canopy radius and stem basal area of S.
molle populations sampled in different sites, we also
used regression analysis.
Seed bank dynamics were analysed using three-way
factorial anova to test the main factors (depth and
direction) and their interactions on the number of
intact seed disinterred over time after testing for nor-
mality and homogeneity of the data. anova models
significant at 0.05 were followed and significantly dif-
ferent treatment means were separated using a Scheffé
post hoc test in Statistica (Statistica 6.1, StatSoft, Inc.
2003).
RESULTS
Seed production by Schinus molle
Seed production varied greatly between sites. Overall
annual seed production per tree was highly variable,
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but significantly greater at the mine dump than in
grazed and ungrazed savanna (Table 1). The propor-
tion of damaged seed below S. molle trees did not differ
significantly between sites (Table 1).
The estimated total number seeds falling per square
metre below S. molle ranged from 2000 to 10 000
for trees with canopy areas between 25 and 350 m2
(Fig. 1a). Stem basal area proved to be a poor estima-
tor of canopy area and thus of seed production per tree
in ungrazed savanna (r2 = 0.05; n = 10; P = 0.533);
grazed savanna (r2 = 0.09; n = 10; P = 0.384) and mine
dump sites (r2 = 0.01; n = 10; P = 0.699).
Seed dispersed beneath Acacia tortilis
Given that the red fruits of S. molle have thin fleshy
coverings, it was assumed that all S. molle seeds found
in trays beneath trees had been moved to these perch
sites by birds or bats. Schinus molle seed density
beneath A. tortilis was not significantly correlated with
canopy area of the perch tree (Fig. 1b). The annual
seed rain density below A. tortilis was significantly
lower in grazed savanna, with ungrazed mine dump
and ungrazed savanna area having higher densities of
dispersed S.molle seed (Table 2). No difference among
sites was found in the quantity or proportion of
damaged seed dispersed (Table 2).The density of bird
droppings deposited annually below A. tortilis trees did
not differ between sites (Table 2), but was three times
greater below A. tortilis than below S. molle canopies
(Tables 1,2; t = 12. 978, P < 0.0001).
The comparison of intact and damaged S. molle seed
rain per square metre below S. molle and A. tortilis
revealed that the proportion of damaged seeds was
almost double below conspecific trees (53.5%) com-
pared with A. tortilis trees (22%), and the difference
was significant (Table 3). The results obtained from
seed dispersal distance showed that seed density under
acacia trees decreased with distance from the closest S.
molle female tree in the woodland in all the three sites.
However, a significant relationship was only found for
ungrazed savanna and ungrazed mine dump (Fig. 2).
Seed bank and decay of buried seed
We tested the longevity of buried S. molle seeds in
relation to time, depth and direction of burial and the
interactions of these factors with three-way anova.
There was significant interaction effect between time
and depth on seed survival (Table 4). Seed survival was
low at both depths, and the number of intact seeds
decreased over time. Seed buried between 0–5 cm
depth tended to be significantly healthier than seed
buried in between 5–10 cm depth (Table 4 and Fig. 3).
However, for both depths, all buried seed had died after
1 year (Fig. 3). The results of the seed bank sampling
showed a similar pattern, with very low recruitment
recorded from the seed bank trays.A total of 12 S.molle
seedlings recorded from seed bank trays, with 10 seed-
lings from the depth of 0–5 cm and two seedlings from
the depth of 5–10 cm after 14 months of irrigation and
recording in the nursery.The time frame of emergence
was 2 months maximum for both soil depths.
Population structure and seedling
establishment
We recorded a total of 76 S. molle individuals in the
3500-ha grazed savanna site, 401 in the 200-ha







(mean  SE) F P
Total seed rain per
square metre per year
5 802.36  562.89a 3 876.92  72.95a 9 477.51  867.45b 15.3 <0.001
Damaged seed rain per
square metre per year
2 818.93  282.40a 2 144.37  392.07a 5 287.57  514.36b 16.5 <0.001
Damaged seed (%) 48 55 56 NS NS
Intact seed rain per
square metre per year
2 983.43  302.24a 1 732.54  337.22b 4 189.94  439.10a 11.4 <0.001
S. molle canopy area (m2) 62.12  10.05 101.04  27.95 134.77  25.70 2.57 0.09
Seed production per tree
per year
384 865  84 318.5a 522 210  208 589.3ab 1 233 690  253 357.5b 5.42 <0.01
Bird droppings per
square metre per year
4.10  0.73 5.6  0.94 6.50  0.47 2.64 0.09
Also shown are means for tree canopy area, and total number of seeds below a tree canopy. The annual density of bird
droppings is an indication of tree use by birds. Statistical differences determined by one-way anova, and Scheffé post hoc
multi-comparison test. Superscript letters indicate significant differences between columns and significant P-values indicated in
bold. d.f. = 2 (3 habitats); n = 10 (trees per habitat).
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ungrazed savanna and 426 on the 300-ha mine dump,
giving minimum densities of 2.17, 200 and 1.42 trees
per square kilometre. The proportion of immature
trees was significantly greater on the ungrazed mine
dump than in the two savanna sites. Young plants
(seedlings and saplings) made up 68% of the popula-
tion on the mine dump, but <40% on the savanna sites
(Table 5). Trees with small basal area were frequent
and old trees infrequent at the mine dump and
ungrazed savanna, but old trees were more common
than young trees in grazed savanna (Fig. 4a). The
results also showed a significant positive regression
between tree basal area and canopy cover for all the
three habitats; however, canopies on the grazed site
were small in relation to basal area in comparison with
the ungrazed sites (Fig. 4b).
DISCUSSION
Seed production and damage
This study was designed to gain a better understand-












































Ungrazed savanna Ungrazed mine dump Grazed savanna
Fig. 1. Fitted linear regression lines showing the relationship between tree canopy area and total annual density of the Schinus
molle seed rain at three sites beneath conspecifics and Acacia tortilis trees. (a) Schinus molle: ungrazed savanna (r2 = 0.22; n = 10;
P = 0.16); grazed savanna (r2 = 0.51; n = 10; P = 0.01); ungrazed mine (r2 = 0.04; n = 10; P = 0.54) and (b) Acacia tortilis:
ungrazed savanna (r2 = 0.07; n = 10; P = 0.43); grazed savanna (r2 = 0.06; n = 10; P = 0.48); mine dump (r2 = 0.81; n = 10;
P = 0.06). The regression line was fitted only where the relationship was significant.
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further invasion or act as a barrier to invasion by S.
molle in semi-arid savannas of South Africa. It appears
that S. molle is able to produce large quantities of seed.
Our results showed that seed production was high at
all three sites, with plants in ungrazed mine dump
having the highest seed production. Annual seed rain
per unit area was also higher on the mine dump than
in less disturbed ungrazed and grazed savanna. Schinus
molle produces flowers and fruits throughout the year,
when conditions are favourable (Howard & Minnich
1989).
Contrary to the prediction of the enemy release
hypothesis (Keane & Crawley 2002), S. molle seeds
experience seed predation in its introduced range in
South Africa. Herbivory of S. molle seeds was not
explicitly measured in this study, as we considered both
insect-predated and rotten seeds to be damaged seeds.
However, Iponga et al. (2008a) showed that S. molle
seed predation was higher in semi-arid savanna with
summer rainfall than in the winter rainfall region of
South Africa and that an indigenous wasp, Megastigmus
transvaalensis (Hussey) (Hymenoptera: Torymidae)
that feeds on seeds of native Rhus species was the main
seed predator of S. molle in both regions. Despite this,
the study also showed that the proportion of damaged
seeds was relatively low (<30%). Populations with large
seed crops have been shown to suffer from relatively
large losses to seed predation (Hainsworth et al. 1984;
Jennersten & Nilsson 1993; Sperens 1997).
The results also showed that there was a higher
proportion of damaged S. molle seed beneath S. molle
canopies than beneath canopies of other tree species.
This is not surprising, as other studies also found that
seed and seedling damage leading to mortality was
greatest under conspecific plants (Schupp 1988a,b;
Böhning-Gaese et al. 1999).
Seed dispersers and dispersal distances
Bird-mediated dispersal of fleshy-fruited species
exhibits a high spatial variability, which often depends
Table 2. Annual rain of total, damaged and intact Schinus molle seeds below Acacia tortilis trees at three sites near Kimberley
Ungrazed savanna Grazed savanna Ungrazed mine dump F P
Seed rain per square metre
per year
239.64  31.72ab 167.45  35.67a 382.84  74.33b 4.61 <0.01
Damaged seed rain per
square metre per year
53.25  8.22 47.33  9.97 72.18  14.56 1.33 0.28
Damaged seed (%) 23 28 19 NS NS
Intact seed rain per square
metre per year
186.39  24.51ab 120.11  27.15a 310.65  60.24b 5.64 <0.001
A. tortilis canopy area (m2) 79.95  9.70 93.06  25.23 96.76  16.35 0.23 0.79
Seed dispersed per canopy
per year
19 936.57  4 392.55 17 508.80  5 098.86 40 235.16  15 942.37 1.56 0.22
Bird droppings per square
metre per year
21.00  1.52 20.60  1.65 22.10  2.68 0.14 0.86
Also shown are means for tree canopy area, and total number of seeds below a tree canopy. The annual density of bird
droppings is an indication of tree use by birds. Statistical differences determined by one-way anova, and Scheffé post hoc
multi-comparison test. Superscript letters indicate significant differences between columns and significant P-values indicated in
bold. d.f. = 2 (3 habitats); n = 10 (trees per habitat).
Table 3. Total annual seed damage per square metre
for seed beneath conspecific Schinus molle trees and seed
dispersed below Acacia tortilis in semi-arid savanna (c2 =
514.38; P < 0.0001)
Species Intact seed Damaged seed Total
Acacia
tortilis
1043 (78.13%) 292 (21.87%) 1335
Schinus
molle
15 051 (46.49%) 17 324 (53.51%) 32 375
























Ungrazed savanna Ungrazed mine dump Grazed savanna
Fig. 2. Seed dispersal distances from the closest Schinus
molle seed sources at three different sites. Linear regression:
ungrazed savanna (slope = -2.4; r2 = 0.39; P < 0.05);
ungrazed mine dump (slope = -2.6; r2 = 0.64; P < 0.005);
grazed savanna (slope = -0.6; r2 = 0.34; P > 0.05).
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on vegetation structure (Kollmann 2000).We assumed
that S. molle seed found in traps under trees of other
species had been dispersed to such sites by birds, such
as cape glossy starling, crested barbet, olive thrush,
pied barbet, pied starling, red-eyed bulbul, redfaced
mousebird and whitebacked mousebird, which were
observed consuming S. molle fruits in the study area.
Because of dispersal of its fruits in this way (Howard
& Minnich 1989; Corkidi et al. 1991; Milton et al.
2007), S. molle seedlings establish under tree canopies
in semi-arid savannas of South Africa and mature indi-
viduals of S. molle are often associated with other trees
(Milton et al. 2007; Iponga et al. 2009) or perch sites
such as poles and fences.
Results showed that S. molle seeds were dispersed to
distances of up to 320 m from female trees. The
density of dispersed seeds declined with distance from
the closest S.molle seed source at all the sites. Although
the dispersal curve was thick-tailed, most seeds were
deposited within 50 m from the nearest potential
parent tree.This conforms with results of other studies
of bird-dispersed seed dispersal that showed that pas-
serine birds move most seed less than 100 m from
the source, but that seeds can be moved as far as
1 km (Debussche et al. 1982; Williams 2006). Long-
distance dispersal of S. molle seeds may depend on the
acceptability of perch sites (Kollmann 2000) and the
fact that some birds retain seeds for a long time in
the gut. Corkidi et al. (1991) reported a gut retention
time of 25 min for birds feeding on S. molle in Mexico.
In arid savanna, where rainfall is unpredictable, many
bird species show nomadic and erratic movement pat-
terns (Tyler 2001), which may affect seed dispersal
distances.
A limitation of the present study is that the distance
of seeds from the nearest female tree is a poor measure
of seed dispersal distance (Nathan & Muller-Landau
2000). The assumption that the nearest female tree is
the maternal tree might lead to an underestimation of
dispersal distances when seeds originated from plants
further away from the nearest tree (Nathan & Muller-
Landau 2000).
Seed bank and decay of buried seed
A general pattern of decrease in number of intact
seed over time was observed for buried seed at both
depths, and all seeds had died before the end of the
experiment. Although assessment of the viability of
buried seeds was based solely on visual inspection,
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Fig. 3. Interaction of time and soil depth (two-way anova),
on intact of Schinus molle seed in the soil seed bank. Different
letters indicate significant differences between treatments.
Means sharing the same letters are not significantly different.
Vertical bars indicate SD.
Table 4. Three-way factorial analysis of variance (anova) for Schinus molle seed buried below tree canopies and interaction
effects between months, direction and depth
Factors SS d.f. MS F P
Months 1859.875 5 371.975 139.4906 <0.001
Direction 5.208 1 5.208 1.9531 0.165
Depth 81.675 1 81.675 30.6281 <0.001
Months*Direction 11.742 5 2.348 0.8806 0.497
Months*Depth 97.275 5 19.455 7.2956 <0.001
Direction*Depth 0.208 1 0.208 0.0781 0.780
Months*Direction*Depth 5.142 5 1.028 0.3856 0.857
Significant P-values indicated in bold.
Table 5. Number of young and mature Schinus molle under







Young plants 129 24 288




Total number 401 76 426
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persistent soil-stored seed bank, and that viable
seeds are likely to be found on the topsoil, a pattern
similar to many species in deciduous forest (Pickett
& McDonnell 1989). A soil-stored seed bank is not
essential for the spread of a species that continuously
produces viable seed that are well dispersed by birds
(Corkidi et al. 1991) and that will germinate under
moist conditions at any season of the year (Howard
& Minnich 1989). The implications for invasion
management are that once the species has been
cleared from an area, reestablishment will be slow,
the rate depending on importation of seed by birds
rather than on germination from a soil-stored seed
bank.
Population structure and seedling
establishment
The demographic survey of S. molle in the three dif-
ferent sites indicated that propagule pressure (being
the product of population density of adult trees and
their annual seed production) appeared to be driving
the rate of recruitment in this species. Schinus molle
seedling and sapling densities in ungrazed savanna and
the ungrazed mine dump were higher than for grazed
savanna, as reflected by large numbers of young indi-
viduals, but adult : seedling ratios did not differ
between savanna sites. Greater seed production and
the higher seedling : adult ratio on the mine dump
may be partly explained by the disturbance history.
Highly disturbed areas such as mine dumps are gen-
erally considered vulnerable to invasion, probably
because of greater availability of nutrients (Brown &
Peet 2003) and reduced competition from indigenous
plant species (Pausas et al. 2006).
CONCLUSIONS
Schinus molle seed production was generally high in all
the sites. Birds facilitated the movement of S. molle
seeds away from conspecifics and to potential germi-
nation sites below canopies of other tree species
(Iponga et al. 2008a). Regeneration and spread of S.
molle depends on continuous seed production and
dispersal rather than a persistent seed bank. The
study also demonstrated that land use affects S. molle
invasions. The study has shown that there were higher
densities of young S. molle plants in the ungrazed
mine dump and ungrazed savanna than in the grazed
savanna. This reflected not only the pattern of seed
dispersal below non-S. molle trees in those habitats,
but also suggested that propagule pressure may be
fundamentally important in determining invasion pat-
terns of S. molle in this semi-arid savanna. Very high
levels of recruitment of S. molle on the mine dump
suggested that dramatic population increases may be
expected. It is presently unclear how land uses such
as grazing intensity and habitat interactions could
influence S. molle populations in semi-arid savanna in
the long term. The implications for invasion manage-
ment are that it is important to prevent further plant-
ing and to clear existing plantings; once the species
has been cleared from an area, re-establishment will
be slow.

























 Ungrazed mine dump
 Grazed savanna




























Fig. 4. Fitted lines for the proportions of Schinus molle sampled in various basal area classes in the three different habitats (land
uses). (a) Basal area classes: ungrazed savanna (r2 = 0.57; P < 0.05); grazed savanna (r2 = 0.78; P < 0.01); mine dump (r2 = 0.57;
P < 0.05). (b) Regression between canopy area and stem basal area: ungrazed savanna (r2 = 0.41; P < 0.0001); grazed savanna
(r2 = 0.56; P < 0.0001); mine dump (r2 = 0.31; P < 0.0001).
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